Background-Combined analysis of 2 genome-wide association studies in cases enriched for family history recently identified 7 loci (on 1p13.3, 1q41, 2q36.3, 6q25.1, 9p21, 10q11.21, and 15q22.33) that may affect risk of coronary artery disease (CAD). Apart from the 9p21 locus, the other loci await substantive replication. Furthermore, the effect of these loci on CAD risk in a broader range of individuals remains to be determined. Methods and Results-We undertook association analysis of single nucleotide polymorphisms at each locus with CAD risk in 11 550 cases and 11 205 controls from 9 European studies. The 9p21.3 locus showed unequivocal association (rs1333049, combined odds ratio [OR]ϭ1.20, 95% CI [1.16 to 1.25], probability valueϭ2.81ϫ10 Ϫ21 ). We also confirmed association signals at 1p13.3 (rs599839, ORϭ1.13 [1.08 to 1.19], Pϭ1.44ϫ10 Ϫ7 ), 1q41 (rs3008621, ORϭ1.10 [1.04 to 1.17], Pϭ1.02ϫ10 Ϫ3 ), and 10q11.21 (rs501120, ORϭ1.11 [1.05 to 1.18], Pϭ4.34ϫ10 Ϫ4 ). The associations with 6q25.1 (rs6922269, Pϭ0.020) and 2q36.3 (rs2943634, Pϭ0.032) were borderline and not statistically significant after correction for multiple testing. The 15q22.33 locus did not replicate. The 10q11.21 locus showed a possible sex interaction (Pϭ0.015), with a significant effect in women (ORϭ1.29 [1.15 to 1.45], Pϭ1.86ϫ10 Ϫ5 ) but not men (ORϭ1.03 [0.96 to 1.11], Pϭ0.387). There were no other strong interactions of any of the loci with other traditional risk factors. The loci at 9p21, 1p13.3, 2q36.3, and 10q11.21 acted independently and cumulatively increased CAD risk by 15% (12% to 18%), per additional risk allele. ConclusionsThe findings provide strong evidence for association between at least 4 genetic loci and CAD risk. Cumulatively, these novel loci have a significant impact on risk of CAD at least in European populations. (Arterioscler Thromb Vasc Biol. 2009;29:774-780.)
C oronary artery disease (CAD), and its main complication, myocardial infarction (MI), have a significant genetic basis. Until recently, attempts at identifying genetic variants that affect risk of these common diseases have been hampered by poor reproducibility of associations and limited coverage of the genome. 1 However, well-powered genome-
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wide association (GWA) studies have now identified several novel putative loci that increase risk of CAD and MI. [2] [3] [4] [5] Specifically, combined analysis of the Wellcome Trust Case Control Consortium (WTCCC) and the German MI Family GWA studies identified 7 chromosomal loci (on 1p13.3, 1q41, 2q36.3, 6.q25.1, 9p21.3, 10q11.21, and 15q22.33), all of which showed highly significant associations with CAD. 5 The locus on chromosome 9p21.3 was also identified in 2 other GWA studies 3, 4 and has since been associated with CAD, stroke, as well as abdominal aortic and intracranial aneurysms in several other cohorts. 6 -8 The locus on chromosome 1p13.3 was recently shown to also be strongly associ-ated with LDL cholesterol concentration, 9 -13 reinforcing the close mechanistic association between the variability in LDL levels and CAD risk. Beyond these initial studies on the loci at 9p21.3 and 1p13.3, the reproducibility of the association with CAD risk of the other loci identified by GWA studies has not yet been studied systematically.
Many of the exploratory GWA studies were carried out on patients with a high genetic burden of the disease. For example, both the WTCCC and German MI Family Study analyzed cases enriched for a positive family history of CAD. 5 Here, in one of the largest molecular-genetic experiments on CAD, we report the replication analysis of the 7 principal loci for CAD identified thus far in GWA studies, [2] [3] [4] [5] in a broader group of CAD patients, explore their interactions with traditional risk factors, and assess their cumulative impact on CAD risk.
Materials and Methods

Study Populations
We investigated participants recruited into 9 separate studies in Europe with validated cases of CAD and appropriate controls: the Academic Medical Center Amsterdam Premature Atherosclerosis Study (AMC-PAS), the Etude Cas-Témoins sur l'infarctus du Myocarde Study (ECTIM), the European Prospective Investigation into Cancer and Nutrition Study (EPIC-Norfolk), the German MI Family Study (GerMIFS; only including subjects that did not overlap with the original GWA Study), the Cooperative Health Research in the Region of Augsburg Study (KORA/GOC), the Ludwigshafen Risk and Cardiovascular Health Study (LURIC), the MORGAM Study, which has harmonized data from prospective follow-up of population cohorts in several countries, the Population-based northern German cross-sectional study (PopGen), and the UKMI Study. Almost all of these participants were of white Northern European origin. Details of the recruitment process in each study and references for each study are provided in the supplemental materials (available online at http://atvb.ahajournals.org). For the chromosome 9p21.3 locus some of the study groups (GerMIFS, KORA/GOC, PopGen, and UKMI) overlap with a previous publication on this locus. 6 In addition, the MORGAM Study has recently reported an analysis of the association of the novel loci with disease history and risk factors at baseline, and CAD and stroke events and death during follow-up in their prospective cohorts. 14
Definition of Phenotypes
Common criteria for CAD and MI were applied across all the studies and required validated evidence for the phenotype (see supplemental materials). Cases not meeting these criteria were excluded. Similarly, uniform criteria were defined for partitioning of participants for risk factors (see supplemental materials). Those individuals where the information was unavailable or could not be assigned according to the criteria were classified as missing for the variable.
SNP Selection and Genotyping
For the 7 loci (1p13.3, 1q41, 2q36.3, 6.q25.1, 9p21.3, 10q11.21, 15q22.33), we selected the SNP showing the strongest association with CAD in the previous GWA analysis (lead SNP). 5 In addition, we selected SNP rs10738610 in the 9p21.3 locus which had shown marginally stronger association in a fine mapping experiment using HapMap SNPs, 6 and SNP rs2972147 in the 2q36.3 locus which is a proxy for rs2943634. Finally, linkage disequilibrium analysis of the 7 loci in HapMap identified that in 3 of them, there were subsets of highly correlated SNPs (r 2 Ͼ0.8) significantly associated with CAD/MI which were not in the haplotype block defined by the lead SNP. The most significant SNP in each of these secondary haplotype blocks was also selected for genotyping giving a total of 13 SNPs (supplemental Table I and supplemental Figure I) .
Genotyping was carried out with the iPLEX assay (Sequenom) for all SNPs except rs599839 and rs2943634, which were assayed by TaqMan (Applied Biosystems) using standard protocols (assays details available by request from the authors). iPLEX genotyping was performed at the Wellcome Trust Sanger Institute in Cambridge, UK, for all studies apart from MORGAM which was genotyped at the National Public Health Institute, Helsinki, Finland (Sequenom assay) and INSERM Unit 525, Paris France (TaqMan assays).
Statistical Analyses
Analysis was performed in Stata (Stata Statistical Software Release 10, 2007, StataCorp LP). Each study was analyzed separately by unconditional logistic regression using an additive genetic model (ie, genotype codes 0, 1, 2) adjusting for center in studies involving multiple sites. Heterogeneity between the studies was tested using Cochran Q chi-squared test, and the size of the heterogeneity was measured using the I 2 statistic. Only one nonlead SNP showed strong between-study heterogeneity (see supplemental Table III) . Consequently, the odds ratios (OR) for the studies were meta-analyzed under a fixed effect model. Bonferroni correction was used to adjust for the number of SNPs tested. The analysis was performed for CAD cases and then for the subset of MI cases. The assumption of an additive model was assessed in the whole dataset by comparing the fit of that model with the fit of a 2-degree of freedom pairwise comparison in a likelihood ratio test. To assess the overall strength of the association of novel loci with CAD risk, probability values from the present analysis were combined with those from the GWA studies 5 using Fisher method, both with and without adjusting the original GWAs findings for multiple comparisons using the Bonferroni method. All tests were 2-sided.
To investigate whether there was any interaction between a locus and relevant demographic characteristics or cardiovascular risk factors (age, sex, body mass index, hypertension, smoking, and diabetes) participants were divided into 2 groups on the basis of the particular covariate. The analysis for CAD was repeated on the appropriate selection of patients in the same way as for the full study, and then the results were combined into a single forest plot.
Independent effects of the associated loci were verified by including them all in a single logistic regression. Cumulative risk was assessed by forming a score based on the total number of risk alleles across 4 or 6 loci (see Results). The case/control status was then compared with the number of risk alleles in a logistic regression analysis adjusting for study and center within study. The number of risk alleles was considered both as a categorical measure and as a continuous measure in a trend test.
Power calculations were performed by simulation. Data were generated to represent studies of the same numbers of cases and controls as in the actual replication study using an additive model with a given common odds ratio and allele frequency and assuming Hardy-Weinberg equilibrium (HWE). Analysis was by logistic regression and then meta-analysis as in the main study. The number of individual studies that were significant at the 5% level was counted and whether the combined result was significant was noted. Each set of simulations was repeated 1000 times.
Results
Study Participants
The characteristics of the pooled case and control participants from the 9 European studies are shown in Table 1 . Additionally, the characteristics of participants in each study individually are shown in supplemental Table II . Altogether, 22 755 participants (11 550 cases and 11 205 controls) underwent genotyping from these studies. As anticipated, the prevalence of established cardiovascular risk factors was higher in CAD cases than in controls (Table 1) . Of the CAD cases, 6831 (59.1%) had a confirmed history of MI and the mean age of cases at first event was 59.5 (std. dev. 10.0) years. The characteristics of the cases and controls in the 9 individual studies are shown in supplemental Table II . Definitions for hypertension, smoking, and diabetes are given in the supplemental materials. For cases the age given and the status for hypertension, diabetes, and smoking relate to the time of event or at time of recruitment for the prospectively ascertained studies (EPIC-Norfolk and MORGAM). Data on risk factors were unavailable for 3 of the control cohorts (see supplemental Table II ).
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Association Analysis
Genotypes in excess of 90% were obtained for all SNPs, and there was no difference in the proportion of successful genotypes between cases and controls (supplemental Table I ).
None of the SNPs showed significant deviation from HWE. Nominally significant association (PϽ0.05) with CAD was observed at 6 of the 7 chromosomal loci studied ( Table 2) . For all loci, except for chromosome 1q41, the lead SNP identified in the GWA studies 5 showed the strongest association among the genotyped SNPs (supplemental Table III) . Moreover, in all instances the same allele as in the previous study showed the increased risk with CAD. Interestingly, for 1q41, no significant association was seen for the previously reported lead SNP (rs17465637; supplemental Table III) ; however, a SNP (rs3008621) in an adjacent haplotype block showed a significant association ( Table 2 ). We found no evidence for association with the locus at 15q22.33 ( Table  2 ). The associations in the subset of cases with MI largely paralleled those seen for CAD (Table 2) .
To examine the totality of our evidence of association for each locus, we also combined the association results from the present studies with those from the 2 original GWA studies. 5 The signals for the 6 loci that showed nominally significant association in the present study became stronger in a metaanalysis that included these prior studies, even after correction for multiple testing in the GWA studies (supplemental Table IV ). There was no evidence of nonadditivity for any of the loci assessed (ie, better fit using a dominant or recessive model: supplemental Table V ).
Heterogeneity and Interactions
There was no significant heterogeneity in the magnitude of the associations of the loci between the pooled studies (Table  2 ). However, as expected from the power calculations (see Methods and supplemental Table VI), associations were not individually significant in every study (findings for each study by locus are shown in supplemental Figure II) .
We also investigated whether there was any interaction between the effect of the loci and a number of prespecified characteristics or risk factors, namely age, sex, BMI, hypertension, diabetes mellitus, and smoking on risk of CAD. The analyses are displayed in supplemental Figure III . Note that the analyses for the risk factors are limited because only demographic information (age and sex) was available from 3 of the control groups (supplemental Table II ). The most notable finding was that the magnitude of the association of the locus on 10q11.21 with CAD was greater (Pϭ0.015 for interaction) in women (ORϭ1.29 [1.15 to 1.45], Pϭ1.86ϫ10 Ϫ5 ) compared with men (ORϭ1.03 [0.96 to 1.11], Pϭ0.387). There was also a suggestion that the effect of the locus on 1q41 was only present in older subjects and that the effect of the chromosome 9p21 locus was stronger in women and weaker in the presence of hypertension. However, neither of these interactions was significant (PϾ0.05), and otherwise the association of the loci with CAD appeared largely independent of anthropometric characteristics and risk factors (supplemental Figure III) .
Distribution of Risk Alleles and Cumulative Risk
The proportions of cases and controls carrying different number of copies of the risk alleles for the 4 most strongly associated loci (1p13.3, 1q41, 9p21, and 10q11.21) are shown in the Figure. There is a significant rightward shift in the number of risk alleles carried by cases (PϽ0.0001). Because of the high prevalence of these alleles, the majority of these European white individuals carry more than 5 out of a possible 8 alleles (Figure) . To investigate the cumulative risk associated with carriage of multiple risk alleles, we estimated the ORs in individuals carrying different numbers of the risk alleles for these loci. The 4 loci act independently with a combined OR of 1. 15 *Lead SNP refers to the SNP that showed the strongest association at each locus in the prior genome-wide association studies except for chromosome 1q41 where the findings relate to a related SNP (see Text). ϩa2 is minor allele. §P value for heterogeneity between studies assessed (see Statistical Methods). SNP indicates single nucleotide polymorphism; chr, chromosome, RA, risk allele; MAF, minor allele frequency; OR, odds ratio associated with the risk allele; CI, confidence intervals. The P values in brackets for the odds-ratios are those after Bonferroni correction for the 13 SNPs that were tested (see Methods and supplemental Table I ). The CIs have not been adjusted for multiple comparisons.
Discussion
In this study we describe a large scale evaluation of novel loci for CAD identified through previous GWA studies. 5 In addition to the 9p21 locus, which has already been robustly replicated in several other studies, 2,3,6 -8 we provide compelling evidence for the association of at least 3 further loci (1p13.3, 1q41, and 10q11.21) with CAD risk. Nominal associations (PϽ0.05) were observed for 2 further loci, those at 2q36.3 and 6q25.1, but these became statistically nonsignificant after correction for the number of variants examined.
The increase in risk among the loci ranged from 5% to 20% per copy of the risk allele. These are less than those we found in the GWA studies (20% to 37%). 5 There are perhaps two main reasons for this. First, the GWA studies were carried out in relatively young cases enriched for a genetic tendency for CAD (each case had to have at least one first degree relative affected with CAD) which may have enhanced the genetic effect. Second, primary association findings by their nature tend to often be more inflated than the true degree of association. Thus, some degree of "the winner's curse" was to be expected. 15 Our present analysis was carried out in a much wider range of individuals with CAD, better reflecting the disease spectrum with regard to age of onset as well as relevant comorbidities and thus likely to provide a more reliable estimate of the association of each locus with CAD risk in general populations. Although individually the effect of carrying each risk allele is relatively modest, their importance in terms of contribution to the development of CAD and the public health needs to also take into account the prevalence of the risk alleles which range from 26% to 87% (Table  2) . Thus, most European individuals carry multiple risk alleles (Figure) .
Our study emphasizes the scale of endeavor required to quantify reliably the modest effect sizes which are typically being found for loci detected using GWA approaches for complex traits. Even with a combined sample size of more than 22 000 European participants, we only had sufficient (Ͼ80%) power to detect OR Ͼ1.05 across a range of allele frequencies (supplemental Table VI ); hence the evidence of association for 2 of the loci (those at 2q36.3 and 6q25.1) remains inconclusive. Furthermore, simulations showed that even under the most favorable scenario, that pertaining to the locus at 9p21 with an OR of 1.20 and an allele frequency approaching 0.5, a "true" effect would not have been expected to be observed in each of the individual studies. Indeed, for the sizes of the studies involved here, the proportion of positive studies we observed for each locus was largely consistent with what might have been expected for "true" effects (supplemental Table VI ). These findings are therefore remarkable in that we were able to detect a definite association with at least four of the initial 7 loci that emerged from the GWA studies in populations based in geographically and culturally different parts of Europe. This suggests that further loci with similar effect sizes await discovery in even larger analyses. Although we cannot rule out important gene-gene or gene-environment effects, our findings suggest that the loci identified affect CAD risk under a wide range of circumstances. This is also consistent with the lack of significant interactions with demographic parameters or other cardiovascular risk factors except for the locus on chromosome 10q11.21 (see below).
Our study does not identify the precise causal variant(s) at each locus. This will require resequencing of the entire recombination interval for each locus in a large set of chromosomes enriched for the risk allele to define the full spectrum of variants followed by fine mapping of the association signal. The finding at the locus on chromosome 1q41 emphasizes the importance of this work. We confirmed an association not with the GWA lead SNP but a related SNP suggesting that both markers are in linkage disequilibrium (LD) with the causal variant(s) at this locus but the strength of pair-wise LD differs.
So what are the implications of the present findings? The role in disease prediction often dominates discussion of such findings. Our analysis shows that although, cumulatively, carriage of increasing number of risk alleles imparts substantial additional risk (eg, carriage of seven risk alleles versus 4 risk alleles increases risk on average by 52%), genetic testing for the 4 most strongly replicated loci is unlikely to be sufficiently discriminatory to identify people likely to develop CAD (Figure) . This lack of discriminatory capability is very similar to that seen for genetic loci underlying other complex traits such as diabetes 16 as well as with other cardiovascular risk factors (eg, plasma cholesterol level) 17 and consistent with theoretical considerations. 18 Potentially a more immediate and realistic clinical application of the findings could be to help identify people at increased coronary risk so that primary preventive measures, eg, cholesterol lowering, could be directed to those at highest genetic risk. This stratification could theoretically be carried out from a relatively young age, as DNA analysis can be done at any stage from birth. However, whether such testing is clinically beneficial and cost-effective requires much further investigation.
Perhaps, the greatest utility of these findings will come from understanding the mechanisms and pathways by which 
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Genetic Loci for CAD the loci affect CAD risk as this could provide new targets for drug development. The genes located within each locus (Table 3) have not been previously implicated in the pathogenesis of CAD. Recently, for the locus at 1p13.3, the same allele of SNP rs599839 that is associated with increased CAD risk, has been shown to be associated with higher plasma total and LDL cholesterol in multiple studies, 9 -13 providing a possible explanation for the effect on CAD risk, although even for it the precise mechanism by which the locus affects LDL cholesterol and the gene(s) involved awaits elucidation. 19 The 9p21 locus shows a region of association coincident with a gene for a noncoding RNA, ANRIL. 20 Such RNAs often play a regulatory role in gene expression or translation. There is preliminary evidence that ANRIL may affect the expression of the adjacent cyclin-dependent kinase inhibitors, 20 which in turn could affect vascular remodeling processes which are important in the pathogenesis of atherosclerosis and its complications. The association signal at 1q41 lies within the melanoma inhibitory activity family, member 3 (MIA3) gene, which may play a similar role in cell growth or inhibition. 21 The locus at 10q11.21 lies upstream of the CXCL12 gene which codes for stromal cell-derived factor-1 (SDF-1), a chemokine which plays a key role in stem-cell homing and tissue regeneration in ischemic cardiomyopathy 22 and in promoting angiogenesis through recruitment of endothelial progenitor cells. 23 Altogether, the findings open up the prospect of novel therapies for CAD, which may be broadly applicable, from a better understanding of the pathogenic mechanisms in the vascular wall affected by these loci. Women are less prone to CAD than men, which could partly be attributable to differences in gene-environment interactions. Interestingly, the locus on chromosome 10q11.21 showed a stronger association in women than in men. The nature of the locus with CXCL12 as the most proximate gene (Table 3) does not suggest an immediate mechanism that could explain a gender interaction and whether this finding, which was of borderline statistical significance and would not have been significant if we had adjusted for the multiple interaction analyses carried out, represents a true sex difference in effect requires further investigation. Apart from this, we did not find any other striking interactions, although it should be noted that the lack of data on some risk factors for three control populations means that our ability to detect such interactions was constrained and further investigation in a larger sample is necessary.
In summary, through a large scale replication study we provide compelling evidence for the association of at least 4 genetic loci and risk for CAD. The findings provide a strong foundation for further investigation of these loci as risk factors for CAD and their potential value in the treatment and prevention of this common condition. PSRC1 indicates proline/serine-rich coiled coil 1 gene; CELSR2, cadherin EGF LAG seven-pass G-type receptor 2 gene; MYBPHL, myosin binding protein H-like gene; SORT1, sortilin 1 gene; MIA3, melanoma inhibitory activity family, member 3 (MIA3) gene; MTHFD1L, methylenetetrahydrofolate dehydrogenase (NADPϩdependent) 1-like gene; p16/CDKN2A, cyclin-dependent kinase inhibitor 2A gene; p15/CDKN2B, cyclin-dependent kinase inhibitor 2B gene; p14/ARF, P14 tumour suppressor gene; MTAP, methylthioadenosine phosphorylase gene; ANRIL, antisense noncoding RNA; CXCL12, chemokine (C-X-C motif) ligand 12 gene.
